Nuclear speckles are sites for pre-mRNA splicing. We provide evidence for localization and function of a Ras family GTPase, Rap1 and its exchange factor C3G in nuclear speckles. Introduction: 1 2 Many molecules function in signalling pathways through dynamic nucleo-cytoplasmic 3 exchange to regulate a variety of nuclear functions like chromatin organization, gene 4 expression and RNA processing. Within the nucleus, proteins may be present in the 5 nucleoplasm, or associated with nuclear sub-structures like chromatin, nuclear matrix, 6 nuclear membrane, nucleoli, Cajal bodies, or nuclear speckles (Handwerger and Gall, 2006).
Abstract:
C3G (RapGEF1), essential for mammalian embryonic development, is ubiquitously expressed and undergoes regulated nucleo-cytoplasmic exchange. Here we show that C3G localizes to SC35 positive nuclear speckles, and regulates splicing activity. Reversible association of C3G with speckles was seen upon inhibition of transcription and splicing. C3G
shows partial colocalization with SC35, and is recruited to a chromatin and RNase sensitive fraction of speckles. Its presence in speckles is dependent on intact cellular actin cytoskeleton, and is lost upon expression of the kinase, Clk1. Rap1, a substrate of C3G, is also present in nuclear speckles and inactivation of Rap signalling by expression of GFP-Rap1GAP, alters speckle morphology and number. Enhanced association of C3G with speckles is seen upon GSK3β inhibition, or differentiation of C2C12 cells to myotubes. CRISPR/Cas9 mediated knockdown of C3G resulted in decreased splicing activity and reduced staining for SC35 in speckles. C3G knockout clones of C2C12 as well as MDA-MB-231 showed reduced protein levels of several splicing factors compared to control cells. Our results identify C3G and Rap1 as novel components of nuclear speckles and a role for C3G in regulating cellular RNA splicing activity.
Inhibition of transcription results in enhanced localization of C3G to speckles. 83 The shape & size of speckles is known to change depending on cellular transcription levels 84 (Melčák et al., 2000) . Inhibition of transcription causes formation of large intra nuclear foci 85 containing splicing factors in cells (Carmo-Fonseca et al., 1992; Hall et al., 2006; Spector, Upon RNase A treatment, speckle localization of C3G was reduced showing diffused nuclear 160 staining, though most of the RNA was lost from the cells (Fig. 4B & S1C) . When RNase 161 treatment was followed by 0.4 M and 2M NaCl extraction, the enlarged intra nuclear foci 162 formed by C3G were totally reduced, whereas SC35 foci were nearly intact ( Fig. 4B ). High 163 salt extraction resulted in retention of SC35 staining only in sharp speckles. The efficacy of 164 RNase A digestion was confirmed by the absence of staining with anti m3G antibody (Fig. 165 S1C) which labels capped snRNAs. These results indicated that localization of C3G to 166 speckles was dependent on the presence of intact chromatin and RNA in cells. 167 We examined the requirement of intact cellular microtubules and microfilaments for 168 localization of C3G to speckles upon amanitin treatment. C3G staining in intranuclear large 169 foci formed after α-amanitin treatment was partially reduced when MDA-MB cells were 170 treated with Nocodazole, an inhibitor of microtubule polymerisation. There was no effect on 171 SC35 foci. When treated with Cytochalasin D (an inhibitor of Actin polymerisation), C3G as 172 well as SC35 showed a weak diffuse pattern, without prominent localization to speckles (Fig. 173 4B). The efficacy of Cytochalasin D and Nocodazole treatments was verified by staining 174 similarly treated parallel coverslips for F-actin and α-tubulin respectively (data not shown).
176
Rap1, a target of C3G localizes to speckles. 177 Since C3G is a GEF for Ras family GTPases, we examined if Rap1, a target of C3G localizes 178 to nuclear speckles. Localization of Rap1 to the nucleus has been shown earlier (Lafuente et 179 al., 2007) . Endogenous Rap1 showed non-uniform staining throughout the cell when 180 methanol fixed cells were examined by immunofluorescence, similar to that shown earlier 181 (Bivona et al., 2004) , but in amanitin treated cells, prominent localization was seen at nuclear 182 speckles ( Fig. 5A ). To determine if activated form of Rap1 is present in speckles, we 183 examined localization of activated (GTP bound) Rap1 by expressing a GFP fusion protein of 184 Ral-GDS-RBD, which binds specifically to activated molecules of Rap1 in cells, and can be 185 observed as enhanced GFP signals (Bivona TG, 2004) . We observed prominent GFP 186 fluorescence at nuclear speckles, specifically in α-amanitin treated cells ( Fig. 5B ), in addition 187 to diffuse signals seen throughout the cell. In untreated cells, intense GFP signals were seen 188 in punctate cytoplasmic structures, which are likely to be endosomes/multi-vesicular bodies 189 as described earlier (Pizon et al., 1994) . These results suggest a function for C3G and its C3G is required for pre-mRNA splicing. 201 Earlier work from our laboratory showed that C3G translocates to the nucleus in response to 202 LiCl, an inhibitor of GSK3β (Shakyawar et al., 2017) . Upon LiCl treatment which causes 203 increased expression of many genes, we observed that C3G shows enhanced localization to 204 speckles ( Fig. 6A ). SC35 localization was also altered upon LiCl treatment as shown earlier 205 (Hernández et al., 2004) . Efficacy of LiCl treatment was tested by immunostaining of β-206 catenin, which shows nuclear translocation in response to LiCl treatment (Data not shown).
207
Inhibition of GSK3β promotes myogenic differentiation and SC35 speckles show 208 reorganization during myocyte differentiation, becoming more mis-shapen and larger 209 (Homma et al., 2016; van der Velden et al., 2008) . We have earlier shown that C3G is 210 required for C2C12 differentiation, and that C3G translocates to nuclei upon differentiation 211 of myocytes to form myotubes (Sasi Kumar et al., 2015) . Co-localization studies showed that 212 C3G localization in SC35 positive speckles of myotubes is higher compared to that seen in 213 undifferentiated cells ( Fig. 6B ).
214
Splicing activity and structure of nuclear speckles changes during myocyte differentiation 215 (Homma et al., 2016) . Based on its dynamic localization to speckles, we hypothesized a role 216 for C3G in mRNA processing. We examined the role of cellular C3G in regulating activity in 217 nuclear speckles by using a clone of C2C12 cells where C3G was knocked down using 218 CRISPR/Cas9 technology ( Fig. 6C ). Unlike control cells, these cells do not fuse to form 219 myotubes when grown in differentiation medium (Shakyawar et al., 2017) . Compared to 220 normal C2C12, cells with reduced cellular C3G showed very poor staining for SC35 speckles 221 ( Fig. 6D ). In amanitin treated KO cells also, SC35 speckles were weakly stained and less
We went on to determine if loss of C3G also impacted cellular splicing activity using a resides in speckles through its ability to interact with other macromolecules present. Since 287 C3G shows properties similar to some snRNPs with respect to extractability, it is possible 288 that localization of C3G to speckles is mediated by snRNPs. Our results show that increased 289 localization to speckles in response to amanitin is dependent on intact cytoskeletal elements. 290 Similar dependence has been shown for other proteins that reside in the speckles (Gieni and 291 Hendzel, 2009). Localization of C3G is also dependent on activity of Clk1 as we observed 292 that enhancing Clk1 activity by its overexpression disrupted the localization of C3G. The 293 possibility of C3G being a substrate of Clk1 is being explored as it is known that Cdk5 294 phosphorylates C3G (Utreras et al., 2013) . Since C3G does not possess an RS motif, it will be 295 interesting to identify interacting partners of C3G that enable it to move in & out of speckles 296 in response to Clk1 mediated phosphorylation.
297
Rap1, the small GTPase target of C3G localizes to the nucleus, and regulates gene expression 298 (Lafuente et al., 2007) , but its association with nuclear speckles was not known. We show ). C3G signals to cytoskeleton dependent functions in the cell, and is also known to 306 associate with cytoskeletal elements (Martín-Encabo et al., 2007; Radha et al., 2007) . We 307 observed that distribution of C3G, as well as SC35 to speckles is effected upon treatment of 308 cells with Cytochalasin D, a microfilament depolymerizing agent, indicating that enhanced 309 localization of C3G in speckles seen upon inhibition of transcription is dependent on intact 310 cellular microfilaments.
312
We have earlier shown that inhibition of GSK3β induces import of C3G into the nucleus, 313 where it localizes to non-heterochromatin domains (Shakyawar et al., 2017) . We observed 314 that under these conditions, C3G localizes to speckles, suggesting that localization of nuclear 315 C3G to speckles may be dependent on specific physiological stimuli. C3G shows enhanced 316 localization to speckles in differentiated myotubes, and knockdown resulted in reduced 317 intensity of SC35 speckles. The functional consequence of localization to speckles is a role for C3G in regulating splicing activity. While C3G over-expression enhanced splicing 319 activity, knockdown of C3G resulted in reduced splicing. Alternate splicing is an important 320 mechanism that enables myogenic differentiation (Bland et al., 2010) . Our earlier work 321 showed that C3G is required for C2C12 differentiation. Therefore, one of the required 322 properties of C3G to enable myogenic differentiation may be its function in alternate splicing. 323 We also observed that cells lacking C3G show reduced presence of SC35 in speckles. C3G 324 could be playing an adaptor function to enable SR proteins like SC35 to home to speckles, 325 and also playing an independent catalytic function in enabling splicing activity. Surprisingly, 326 examination of cell lysates having low levels of C3G due to CRISPR/Cas9 mediated 327 knockdown, showed dramatic decrease in several splicing factors, which could explain 328 reduced splicing activity in these cells. The splicing factors regulated by C3G are ubiquitous 329 components of speckles and essential for constitutive splicing. One likely explanation for 330 reduction in several of these factors, is proteasomal degradation specific to nuclear speckles 331 (Baldin et al., 2008) . If C3G functions to inhibit this activity, reduction of several cellular 332 splicing factor protein levels would be expected. An alternate possibility is the ability of C3G 333 to regulate transcription of splicing factors through some presently unknown mechanism. If 334 C3G affects splicing activity in cells, its loss could result in reduced levels of many proteins 335 that are generated from spliced transcripts. These possibilities are being investigated. Though 336 C3G over expression did not alter levels of these factors, it did show significant, but small 337 increase in splicing activity. This could be because C3G is overexpressed only in 30-40 % of 338 cells.
339
Based on multiple lines of evidence, we describe a novel function for C3G in the nucleus.
340
Localization to splicing factor rich nuclear speckles; dynamic and reversible localization in 341 response to cellular transcription and splicing activity; dependency of localization on intact 342 DNA and RNA; presence of activated Rap1, a target of C3G in speckles; and its requirement 343 for splicing activity enabled us to show that regulation of RNA splicing is an important 344 function of nuclear C3G (Fig. 7E ). Ras family GTPases and exchange factors that activate 345 them are involved in multiple signalling pathways regulating cell functions in response to 346 external stimuli. Several of them are known to localize to the nucleus, but their functions in 347 the nucleus are poorly understood. This is the first example of a Ras family GTPase and its 348 exchange factor localizing to, and functioning in nuclear speckles.
Materials and Methods
Antibodies against C3G(H300), Calnexin, NF-kB, Rap1 and GAPDH were purchased from Santa Cruz biotechnology. Anti-SC35 (S4045-100UL) and Anti-snRNP200 were from Sigma. Anti-SC35 (ab204916), Anti-DHX38 and Anti-Lamin B1 were from Abcam. RNA polymerase-II H5 (Warren et al., 1992) and β-Actin antibodies were from Berkeley Antibody Company and Millipore respectively. U1 snRNP70 (Lerner and Steitz, 1979) , U2 snRNP B" (Habets et al., 1985) and Sm snRNP(Y12) (Lerner et al., 1981) 
Plasmid constructs
Expression vector for Flag tagged human C3G was a kind gift from Dr. Tanaka (Tanaka et al., 1994) . SC35-GFP construct was a kind gift from Dr. V. Parnaik (Tripathi and Parnaik, 2008) , pTN24 plasmid was gifted by Dr. I.C. Eperon. GFP-Clk1 and GFP-mClk1(K190R) plasmids were gifted by David Spector (CSHL, cold spring Harbour, NY, USA). GFP-RalGDS-RBD and GFP-Rap1GAP constructs were gifted by Dr. P.J. Stork (Carey and Stork, 2002) and Dr. Patrick Casey (Meng and Casey, 2002) respectively.
Cell Culture, Transfections and Treatments
MDA-MB-231, MCF-7, HEK293T and HeLa cells were cultured in DMEM with 10% FBS, C2C12 cells were maintained in DMEM with 20% FBS under standard conditions and differentiation was carried out as described earlier (Kumar et al., 2015) . Lipofectamine 3000 was used for transfections in cells as per manufacturers protocol. Treatments of α-Amanitin, 50 µg/ml, 5 h; LMB, 37 nM, 6 h; Nocodazole, 1µg/ml, 4 h; Cytochalasin D, 0.2 µg/ml, 4 h; IGK 50 µM, 15 h; LiCl, 50 mM, 24 h; and DRB (5,6-Dichlorobenzimadazole-riboside) 25µg/ml, 3 h; were given by incubating exponentially growing cells with respective drug(s) in cell culture medium. Transient heat shock treatment of cells was carried out in an incubator at 42°C for 2 h after addition of pre-warmed medium.
Generation of C3G KO clones in C2C12 cells has been described earlier (Shakyawar et al., 2017) . Similar strategy was applied to generate C3G KO clones in MDA-MB-231 cells using commercially available CRISPR/Cas9 KO plasmid (sc-401616) and HDR plasmid (sc-401616-HDR).
Immunofluorescence, Image Analysis and Western Blotting
Immunofluorescence was performed as described earlier (Shivakrupa et al., 2003) . Costaining for two antigens was performed by sequential incubation of primary and corresponding secondary antibodies. Parallel coverslips processed without addition of primary antibodies were used as Blank (BL) to show absence of non-specific staining from secondary antibodies. Confocal Z stacks were captured on Leica TCS SP8 Confocal microscope (Leica Microsystems, Germany), and data was analysed using Leica Application Suite and ImageJ software's. Constant image acquisition parameters were used for capturing images of all samples from a given experiment. All confocal images were captured under 63X or 100X objective of the microscope and were digitally processed for presentation using Adobe Photoshop CS6 software. Quantitation of SC35 positive nuclear speckles was carried out with ImageJ software. Images of cells were imported into ImageJ and a digital brightness threshold was applied to each image. A particle analysis tool available in the ImageJ software was applied to thresholded images and number of structures measuring beyond 0.3 µm in size were obtained as output.
Western blotting was performed as described (Radha et al., 1994) . Vilber-Lourmat Chemiluminescence System (Germany) or Carestream XBT autoradiogram sheets were used for detection of ECL signal. ImageJ software was used for quantitation of the western blots and values were normalised to loading control.
Cell Fractionation and In situ extraction
Whole cell (W), Cytoplasmic (C) and Nuclear (N) fractions of cells were prepared as described (Radha et al., 1994) . In situ extraction of cells plated on coverslips was performed as described (De Conto et al., 2000) with minor modifications. Cells grown on coverslips were rinsed twice with TM buffer (50 mM Tris-HCl, pH 7.5, 3 mM MgCl2), followed by 10 min incubation on ice with TM buffer containing 0.4% Triton X-100, 0.5 mM CuCl2, 0.2 mM PMSF and protease inhibitor. Cells were washed and treated with DNase I (40 U/ml) or RNase A (20 μg/ml) for 30 min at 37 o C. Cells were subjected to 0.4 M and 2 M NaCl treatment sequentially for 5 min on ice to remove chromatin and RNA. Coverslips were fixed with methanol at each stage and immunostained.
Splicing activity assay
In vivo splicing activity assays was performed as described (Nasim et al., 2002) . pTN24
reporter construct encodes β-gal and luciferase, separated by an intronic sequence (derived from human αs-tropomyosin gene) that contains stop codons. The ratio of luciferase to β-gal reflects the splicing activity in cells. Cells were transfected with the dual reporter plasmid pTN24 in addition to indicated constructs. After 48 hours of transfection, lysates were prepared using reporter lysis buffer and assayed for luciferase activity (Turner designs luminometer TD 20/20), and β-gal assay as per Promega protocols. Luciferase to β-gal ratios were normalised with control to determine relative in vivo splicing activity.
Statistical analysis
All data is represented as the mean±s.d. Unpaired Student's t-Test was carried out to obtain the significance of differences in means.
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Figure Legends
Immunofluorescence was carried out to detect C3G and SC35. 
